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Abstract. The amphiphilic 5,11,17,23-tetra-z-butyl-25,26,27,28-
tetrakis(carboxymethoxy)calix[4]arene (1) forms stable monolayers
at the air-water interface which serve as template to induce growth
of CaCOj (calcite) single crystals. The nucleation density and the
preferred orientation(s) of calcite single crystals depend on the sur-
face pressure applied to the monolayer. Models of the pressure-
dependant aggregation of amphiphiles at the air-water interface
are derived from the crystal structures of the novel Ca coordina-

tion COmpOundS [(Ca(CszH(,oO12))2Ca(HZO)z(CH3OH)3Ca(H20)2-
(CH3OH)2]12CH3OH4H20 (2) and [Ca(C52H60012)Ca(H20)2_5-
(MeOH), 5] 7H,O-CH;0OH (3). Structural data are analyzed in
terms of supramolecular packing arrangements and Ca coordi-
nation motifs of the constituting amphiphilic macrocycles.

Keywords: Calix[4]arenes; Monolayers; Crystal engineering; Cal-
cite; Biomineralization

Wachstum von Calciteinkristallen unter Monoschichten aus
5,11,17,23-Tetra-t-butyl-25,26,27,28-tetrakis(carboxymethoxy)calix[4]aren

Inhaltsiibersicht. Das  amphiphile  5,11,17,23-Tetra-z-butyl-
25,26,27,28-tetrakis(carboxymethoxy)calix[4]aren (1) bildet an der
Wasser-Luft-Grenzflache stabile Monoschichten, die als Templat fiir
ein gerichtetes Wachstum von CaCOj; (Calcit) Einkristallen dienen.
Die Keimdichte und die Vorzugsorientierung(en) der Calciteinkri-
stalle sind abhingig vom Oberflichendruck in der Monoschicht.
Modelle fiir die druckabhingige Aggregation der Amphiphile in

Introduction

Crystallization of inorganic solids at self-organized surfaces
is an important process in biomineralization and crystal
engineering [1, 2]. Nucleation and growth steps taking place
at the interface are often specific and result in a particular
crystal morphology or polymorph. In recent years Lang-
muir monolayers [3] and self-assembled monolayers
(SAMs) [4] have been employed as 2D crystallization tem-
plates which induce epitaxial growth of highly oriented cal-
cium carbonate crystals, the most abundant biomineral in
nature. Physical parameters such as interfacial electrostatics,
[2, 4, 5] hydrogen bonding [3, 5] and interfacial molecular
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der Wasser-Luft-Grenzschicht werden aus Kristallstrukturen der
neuartigen Ca-Koordinationsverbindungen [(Ca(Cs,HgoO;,))-Ca-
(H,0),(CH;0H);Ca(H,0),(CH;0H),]- 12CH;0H-4H,0 (2) und
[Ca(C5,Hgp015)Ca(H,0), 5(MeOH), 5] 7H,O0-CH;0H (3) abgelei-
tet. Die Strukturdaten werden im Hinblick auf supramolekulare
Packungs- und Ca-Koordinationsmotive der am Aufbau beteiligten
amphiphilen Makrozyklen analysiert.

recognition events including geometrical lattice matching [2,
3] and stereochemical complementarity [6] were discussed
as crucial factors in this context. In order to mimic struc-
tural aspects of the interactions between acidic proteins and
biogenic calcite in calcified tissues (i. e. mollusk shells) we
employ oligoacids based on amphiphilic calix[n]arene moi-
eties as biologically inspired supramolecular templates for
epitaxial crystal growth [7].

Employing macrocylic amphiphiles we would like to ad-
dress the rather fundamental question concerning the puta-
tive structure of crystal nucleation sites in calcified tissues.
Investigations on the amino acid composition of different
natural proteins associated with biomineralization reveal se-
quence motifs which are particularly rich in aspartic acid
and glutamic acid residues, respectively [8]. Unfortunately,
none of the acidic proteins extracted from calcified tissues
have yet been grown into single crystals suitable for X-ray
crystallographic investigations and thus three-dimensional
structures are currently not available. However, a represen-
tative structural model of a mineral/peptide interface archi-
tecture may be derived from the iron storage protein (ferri-
tin) which is regarded as an archetypal biological model for
the formation of a nanocrystalline mineral phase within a
confined space [9]. Here, the ferritin L-chain subunit bears
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four suitably aligned glutamic acid residues that are neces-
sary for mineral formation. Artificial organic molecules can
be designed such as to mimic the confined arrangement of
acidic residues in natural proteins. Macrocyclic calix[n]ar-
enes such as 1 are especially suited for this purpose since
they are synthetically readily available. These molecules
form confined arrays of co-aligned carboxylic acid groups,
the number and relative positions of which show systematic
structural variations depending on the size of the macro-
cyclic backbone.

Here we present the synthesis and X-ray structure analy-
sis of two novel Ca coordination compounds of the amphi-
philic ligand 5,11,17,23-tetra-z-butyl-25,26,27,28-tetrakis (carb-
oxymethoxy)calix[4]arene (1), namely the compounds [(Ca-
(Cs2Hg0012))2Ca(H,0)>(CH30H);Ca(H,0),(CH;0H), |
12CH3OH4H20 (2) and [Ca(C52H60012)Ca(H20)2,5
(MeOH), 5] 7TH,O-CH;OH (3). Monolayers of 1 are spread
on an aqueous subphase containing Ca ions and the Lang-
muir isotherms recorded are analyzed in terms of mono-
layer stability, aggregation behaviour, and average area/mol-
ecule. Models of the putative packing arrangements of ca-
lix[4]arene molecules at the air-water interface and possible
Ca coordination motifs are derived from crystal data of 2
and 3.

Results and Discussion
X-ray crystallographic investigations

Although there are quite a few crystal structures of ¢-butyl-
calix[4]arene derivatives described in literature, a single
crystal X-ray structure analysis of a metal complex of the
carboxylic acid derivative has not been reported so far. In
a previous study [7] we have presented the X-ray structures
of 5,11,17,23-tetrakis-(1,1,3,3-tetramethylbutyl)-25,26,27,28-
tetra(carboxymethoxy)calix[4]arene (CggHoO15-4.75CH;OH-
0.25H,0, 5) and its corresponding calcium complex
[Ca(CgsHyy01,Ca)(DMSO0),(H,0)]:2.5DMSO (6). In this
paper we present the X-ray structural data of two Ca com-
plexes of 5,11,17,23-tetra-z-butyl-25,26,27,28-tetrakis(car-
boxymethoxy)calix[4]arene (1).

Crystal structure of 2.

Single crystals of the compound [(Ca(Cs;HgnO12))o-
Ca(H,0),(CH;0H);Ca(H,0),(CH30H),]- 12CH;0H-4H,0O
(ChunHy4p3CagOygg, 2) were obtained from methanol solution
containing 5 vol.% of water. Slow evaporation of the sol-
vent at room temperature leads to formation of colorless
(highly fragile) crystals of 2. Single crystals suitable for X-
ray crystallographic investigations were hard to obtain,
mainly due to the rapid loss of solvent molecules (within
seconds) upon exposing the crystals to air. Consequently
the structure refinement converged to a relatively high final
R value. The crystal structure of 2 in fact shows that a host
of solvent molecules are occluded in the crystal lattice.
Most of the atomic positions of the lattice solvent mol-
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ecules had to be refined with a site occupancy factor below
1.0 which confirms our observation of the rapid aging of
the crystals. Furthermore, a fraction of the Ca ions
(Ca(4A,B) including their coordinated ligands) are placed
at two slightly different crystallographic positions which ex-
cluded the possibility of a fully anisotropic refinement).

The X-ray structure analysis shows that 2 consists of an
octacalcium coordination compound. The asymmetric unit
contains four Ca ions, two of which are strongly seques-
tered by a calix[4]arene ligand 1. The unit cell thus contains
one formula unit of the complex. The coordination of a
single Ca ion to 1 leads to formation of the structurally
rigid [Ca(Cs,Hgo01,)]>~ moiety which in turn serves as
bridging unit in compound 2. Two [Ca(Cs,HgyO;5)]*~ moi-
eties are coordinated to four Ca ions in a py-bridging mode,
while at the same time two of them act as capping ligand
in a p,-bridging mode (Fig. 1). The four Ca ions Ca(3),
Ca(4A), Ca(3)*, and Ca(4A)* span a plane and the distance
of Ca(2) (Ca(l), respectively) at normal direction towards
this plane amounts to 3.81 A (1.45 A).

The coordination environments of Ca(1) and Ca(2) each
consist of eight oxygen donors provided by the calix[4]arene
ligand 1. The square planes spanned by the phenolic and
the carboxylate oxygen donors of Ca(l), (Ca(2), respec-
tively), are rotated by 33.3° (29.9°) against each other. The

Table 1 X-Ray crystallographic data for compounds 2 and 3

Compound 2 3

Empirical formula Cr4oH05Cag00g Cs35HgsCa,055
Formula weight 5206.39 g - mol ™! 1176.38 g - mol ™!
Crystal system triclinic orthorhombic
Space group Pl(no.2) Pben (no. 60) .
Unit cell dimensions a=16.526(3) A a=49.75(1) A

b =21.936(4) A
¢ =23.0295) A

b=1325203) A
¢ =20.068(4) A

a =99.36(3)°
S =99.04(3)°
» = 110.13(3)° N
Cell volume 7527(3) A3 13231(5) A3
Formula units per cell 1 8
Calculated density 1.149g-cm™3 1.181 g-em™3
Diffractometer type SMART 1K
(Bruker AXS)
Temperature 1832) K )
Radiation (wavelength) Mo-K,, (0.71073 A)
Scan type m-scan
20 range for data collection 3.18 — 55.74° 6.06 — 52.04°
Index ranges 0=h=21 0=h=61
—26=k=25 0=k=16
-30=/=29 0=/=24
Reflections collected 79513 68146
Independent reflections 31060 12527
[Rine = 0.0957] [Rine = 0.0896]
Data / restraints / 31060/0/ 1575 12527/0/733
parameters
Structure solution SHELXS-97
Refinement Program SHELXL-97

Goodness-of-fit 1.561 1.027

Final R indices [ > 20(I)] R; = 0.1535, R; =0.1003,

WR, = 0.4093 WR = 0.2823
R indices (all data) R; =0.2279, R; =0.1252,

WR, = 0.4548 . wR," =0.3015 R
Largest peak and hole 1.350 and —1.003 e A™3 0.966 and —0.677 ¢ A™3

D = 1/[o*(F,%)+(0.1571-P)2+44.09-P] with P = (F,? + 2-F2)/3



L&

Fig. 1 Simplified representation of the coordination scheme of 2 (coordination polyhedrons are displayed for interconnecting Ca ions only).

Selected Ca---Ca non-bonding distances:

Ca(1)~-Ca(3): 4.67(7), Ca(1)--Ca(dA): 6.21(6), Ca(3)--Ca(4A): 3.65(7), Ca(2)--Ca(3): 5.91(13), Ca(2)--Ca(4A): 5.44(8),

Ca(3)-Ca(@A)*: 7.11(6), Ca(3)--Ca(3)*: 8.99(4) A.

coordination, therefore, is best described as an intermediate
form between a square antiprism and a cube.

The coordination environment of Ca(3) (Ca(4A), respec-
tively) also consists of eight oxygen donors, four of which
stem from different calix[4]arene ligands while the other
ones belong to coordinated methanol or water ligands.
Ca(3) and Ca(4A) form a triply bridged, dinuclear unit with
a short Ca---Ca distance of 3.65(7) A (Fig. 2).

The calix[4]arene molecules adapt a highly symmetrical
cone-conformation where the hydrophobic para-z-butyl
substituents are placed at stereochemically equivalent posi-
tions. The pseudo Cy4, symmetry axis of the py-bridging li-
gand is tilted by 25° against the plane normal of the ab
crystal plane while the corresponding tilt angle of the -
bridging calix[4]arene amounts to 18°.

Compound 2 forms a lamellar structure where the hydro-
philic constituents (carboxylate residues, Ca ions, crystal
methanol and water solvate) and the hydrophobic residues
segregate into different layers. This supramolecular packing
arrangement is reminiscent of the bilayer structural motif of
membrane forming biogenic lipids and likewise amphiphilic
molecules [10]. The bilayers run parallel to the crystallo-
graphic ab-plane and layer stacking follows the c-direction
(Fig. 3). The average surface area occupied by a single calix-
[4]arene molecule in the ab-plane of the crystal structure of
2 amounts to 1.70 nm?. This value is considerably higher
than the average molecular surface area as determined from
the Langmuir isotherms of 1 on an aqueous subphase (see
the following section). A closer examination of the crystal
structure of 2 indeed shows that the packing arrangement
of calix[4]arene residues is interspersed with solvate mol-
ecules which leads to holes in the layer structure. The pack-

ﬁ i 0(24)
%} 0(21)

3 O(27) "'
0(25)\\‘, ‘,’ ‘\ 1 ~\0(31)
..---Q---O---W

Ca(3) ~o O(30) 2 0(32
o) 2 T~ 900 Caare O
1

Fig. 2 Ball-and-stick model of the dinuclear Ca centers in the crys-
tal structure of 2.

(The carboxylate groups shown here are part of different calix[4]ar-
ene ligands (1), most atoms of which are omitted for clarity). Selec-
ted Ca—O bond lengths:

Ca(3)—-0(11): 2.62(4), Ca(3)—0(12): 2.55(3), Ca(3)—O(15): 2.33(4),
Ca(3)—-0(21): 2.293), Ca(3)—0(25): 2.40(3), Ca(3)—0(26): 2.52(5),
Ca(3)—0(27): 2.53(3), Ca(3)—0(30): 2.43(1), Ca(4A)—O(12): 2.34(6),
Ca(dA)—0(17): 2.67(5), Ca(dA)—O(18): 2.26(2), Ca(dA)—0(24): 2.41(7),
Ca(dA)—0(27): 2.72(3), Ca(4A)—O(30): 2.47(3), Ca(dA)—O(31): 2.42(2),
Ca(4A)—0(32): 2.46(1) A.
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Fig. 3 Ball-and-stick model of the supramolecular packing arrangement of 2 in the crystal lattice. (Hydrogen atoms and non-coordinated
solvent molecules are omitted for clarity. Coordination polyhedrons are displayed for interconnecting Ca ions only.)

ing of calix[4]arene ligands in the ab-plane of 2 may there-
fore serve as model for the putative arrangement of
[Ca(Cs,Hg00,2)]>~ moieties at the air-water interface at low
surface pressure =.

Crystal structure of 3

Single crystals of the Ca complex 3 were obtained by slow
re-crystallization of the crude product from MeOH/H,O
mixtures (10/1 vol.%) held at 90 °C. The Ca complex may
be formally described as a coordination polymer with the
sum formula 1/n [Ca(Cs,HgyO12)Ca(H50), s(MeOH)g 5]
7H,0-CH;0H (Cs; 5Hgs0,3Cas, 3).

Apparently, a 1:1 complex of a single Ca ion and the
octadentate ligand 1 forms at the beginning, which pos-
sesses a two-fold net negative charge under the chosen reac-
tion conditions (excess of Ca(OH),). The non-coordinated
carboxylic acid oxygen donors of each mononuclear
[Ca(Cs,HgyO,,)]>~ building block can then bind to excess
“free” calcium ions in solution to build up a coordination
polymer.

The coordination environments of Ca ions in the crystal
structure of 3 are quite different: The Ca ion (Ca(l), Fig.
4) sequestered by the calix[4]arene ligand 1 is eight-fold co-
ordinated. As in the crystal structure of 2, the Ca(1) coordi-
nation polyhedron may be described as an intermediate
form between a square antiprism and a cube. The square
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planes spanned by the phenolic and the carboxylate oxygen
donors, respectively, are rotated by 34° against each other.
In contrast, the bridging metal ions (Ca(2)) are in a dis-
torted pentagonal-bipyramidal coordination environment;
each Ca ion is coordinated by four oxygen donors of three
different calix[4]arene ligands and the coordination number
is completed by two water ligands and a further oxygen
donor of a monodentate MeOH ligand. The Ca(2) ions
form doubly bridged, dinuclear units with a short Ca--Ca
distance of 3.98(1) A (Fig. 5). Each [Ca(Cs;HgO12)>
building block is coordinated to three different Ca ions (p3-
bridging mode).

Due to the stoichiometric (2:1) ratio of Ca ions and (de-
protonated) calix[4]arene ligands, electrostatically neutral,
one-dimensional coordination polymers form which have a
dumb-bell shape in cross-sectional view. The coordination
strands run in the ¢ direction of the crystal lattice (Fig. 6).
There are no coordinative bonds between coordination
strands next to each other, which may explain the solubility
of the complex in trichloromethane. The voids in the pack-
ing of coordination strands are filled with (non-coordi-
nated) H,O/MeOH molecules. In analogy to the lamellar
arrangement of the calix[4]arene moieties in the crystal
structure of 2, compound 3 forms a bilayer structure where
the polar functional groups and the hydrophobic residues
segregate into different layers. Each bilayer runs parallel to
the bc crystal plane while distinct bilayers are stacked along



Fig. 4 Simplified representation of the coordination scheme of 3 (coordination polyhedrons are displayed for interconnecting Ca ions only).

Selected Ca---Ca non-bonding distances:

Ca(1)~Ca(2): 5.98(1), Ca(1)--Ca(2)*: 4.58(1), Ca(2)--Ca(2)*: 3.98(1), Ca(2)~-Ca(2)*: 6.92(1) A.

0(14)

O~

0(13) :Ca(;;-,
[}

Ca(2)*

" =0

o(12)*

Fig. 5 Ball-and-stick model of the dinuclear Ca centers in the crys-
tal structure of 3.

(The carboxylate groups shown here are part of different calix[4]ar-
ene ligands (1), most atoms of which are omitted for clarity). Selec-
ted Ca—O bond lengths:

Ca(2)—0(6): 231(1) Ca@2)—O(11): 2.57(1), Ca(2)—O(12): 2.50(1),
Ca(2)—0(13): 2.35(1), Ca(2)—0(14): 2.34(1), Ca(2)—O(15): 2.35(1),
Ca(2)—0(12)*: 2.35(1) A.

the a direction. Within the layer, calix[4]arene molecules are
close packed with their pseudo C,, symmetry axis tilted by

18° against the bc-plane normal. The average surface area
occupied by a single calix[4]arene molecule in 3 amounts to
1.33 nm? which is considerably lower than the correspond-
ing value calculated from the crystal structure of 2 (Table 2).

A further examination of the arrangement of calix[4]ar-
ene ligands in the crystal structure of 3 shows that the pack-
ing density of the hydrophobic residues should be close to
the maximum reachable value since each ¢-butyl substituent
of the ligand is at a van-der-Waals distance to its neigh-
bours. The packing of calix[4]arene ligands in the bc-plane
of 3 may therefore serve as model for the putative arrange-
ment of [Ca(Cs,HgyO12)]>” moieties at the air-water in-
terface at high surface pressure m. (Packing plots for the
in-plane arrangement of calix[4]arene ligands in the crystal
structures of 2 and 3, respectively, are provided as sup-
plementary material).

Monolayer studies

Crystallographic investigations on the solid state structures
of Ca salts of 1 are complemented by monolayer studies.
Langmuir monolayers were formed on aqueous subphases
by spreading compound 1 from trichloromethane solution
using a Langmuir trough. The surface pressure—area
(t—A) isotherms provide information on monolayer sta-
bility and phase behaviour. Fig. 7 shows the 1—A isotherms
of compound 1 monolayers spread on an aqueous subphase
(Millipore water, or CaCl,/NaHCO; (¢ = 9/18 mM),
respectively).

In both cases, relatively stable monolayers form which
collapse upon compression at a surface pressure of
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Fig. 6 Ball-and-stick model of the coordination polymer 3 showing the packing arrangement of the one-dimensional polymeric strands in
the crystal lattice. (Solvent molecules occluded in the crystal lattice and hydrogen atoms are omitted for clarity. Coordination polyhedrons

are displayed for interconnecting Ca ions only.)

Table 2 Area/molecule of calix[4]arene tetraacid derivatives as determined from Langmuir isotherms and from crystal data

Area/molecule/nm? Inclination
Compound Monolayer (subphase) Crystal data (compound) angle/°® © Ref.
1 1.15-1.20 (H,O)* n.d. n.d. this work
1.30—1.40 (Ca(HCOs3),)® 1.70 (2) 25, 184 this work
1.33(3) 18 this work
4 1.45—1.50 (H,0)* 1.51 (5) 24 [7]
1.70—1.75 (Ca(HCOs3),)° 1.70 (6) 34, 244 21]

Compound index: 1: Cs;Hgs05, 2: [(Ca(Cs,Hg001,)),Ca(H,0),(CH;0H);Ca(H,0),(CH;0H),]- 12CH;0H-4H,0, 3: [Ca(Cs;Hg00,,)Ca(H,0), s(MeOH), 5]
7TH,0-CH;0H, 4: Cs3Ho6O15, 5: CegHos01,4.75CH;0H-0.25H,0, 6: [Ca(CssHg,0,,Ca)(DMSO0),(H,0)]-2.5DMSO

n.d. = not determined
2 Millipore water, resistance 18.2 MQ-cm)
® Aqueous subphase containing CaCl,/NaHCOs3, ¢ = 9/18 mM

¢ Angle between the pseudo C,, symmetry axis of the calix[4]arene molecule and the plane normal of the most densely packed crystal plane

4 Two symmetry-independent calixarene molecules/asymmetric unit

~30 mN/m (pure water) and ~40 mN/m (Ca containing
aqueous subphase), respectively. The featureless isotherms
suggest fluid properties of the condensed phase in both
cases. On water the onset of pressure increase is at
~1.30 nm?/molecule whereas the surface pressure of the Ca
containing solution starts to rise at a significantly higher
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value (~1.80 nm?/molecule). We assume that this behaviour
is due to electrostatic/coordinative interactions of Ca ions
which cause the carboxylic acid residues of 1 to become
deprotonated. Expansion effects of monolayers spread on
metal ion-containing subphases, similar to those observed
here, have been reported for several systems [11].
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Fig. 7 n-A isotherms of monolayers of 1 at 22 °C on H,O (solid
line), and aqueous CaCl,/NaHCO; (c = 9/18 mM, dashed line).

The area per molecule of 1 in the monolayers is estimated
from extrapolating the Langmuir isotherms toward zero
pressure. The determined area values are listed in Table 2.
Monolayer data are in excellent agreement with the surface
areas per molecule as determined from crystal structure
analysis. The monolayer data show that the packing density
of ligand 1 in the monolayer and in the crystal lattices of 2
and 3 are similar. The two-dimensional packing arrange-
ment of 1 in the monolayer at low surface pressure (m ~
0.5 mN/m) is presumably determined by the (highly sol-
vated) polar carboxylate residues and the diffuse layer of
Ca ions underneath the monolayer. The packing density of
1 in the crystal structure of compound 2 is almost identical
to the corresponding value of the monolayer (~1.80 nm?/
molecule) at the beginning of compression. We, therefore,
suggest that at low surface pressure the monolayer mainly
consists of oligomeric Ca complexes of 1 which rapidly
form. These complexes are free-floating at the air—water
interface and they can easily rearrange their relative posi-
tions in order to adapt to the rising surface pressure. Upon
further compression the complexes start to approach each
other until the critical van-der-Waals distance to their near-
est neighbours is reached. The crystal structure of com-
pound 3 in fact shows that a highly symmetrical, planar,
close-packed arrangement of the hydrophobic #-butyl
groups is feasible, although intuitively one may assume that
the conical shape of the calix[4]arene ligand should intro-
duce some curvature in the layer structure. However, the
fact that the C4, symmetry axes of the calix[4]arene units in
the crystal structure of 3 are tilted by 18° against the plane
normal gives us a hint that the packing affords a compro-
mise between the most symmetrical and the most dense ar-
rangement of conically shaped amphiphiles. Interestingly,
the av. area/molecule of 1.33 nm? as calculated from the
crystal data of compound 3 corresponds to a surface press-
ure value of ~6 mN/m in the monolayer. Assuming a simi-
lar arrangement of calix[4]arene ligands in the crystal struc-
ture and the monolayer, this would mean that a relatively
high and constant, external pressure is required in order to
force the calix[4]arene units into this periodic arrangement.

It should be noted that crystals of compound 3 in fact were
grown under “hydrothermal” conditions, i.e. the solution
was kept within firmly sealed test tubes and the re-crystalli-
zation temperature was allowed to exceed the boiling point
of the solvent mixture.

We would like to stress the point that neither the iso-
therms of 1 monolayers on pure water nor on a Ca contain-
ing subphase indicate the formation of a liquid crystalline
phase. While the local arrangement of calix[4]arene moieties
in the monolayer and crystal structure might be similar, the
monolayer phase clearly lacks the long range order of the
crystalline material.

However, it is a common observation that crystalline
monolayers composed of molecules which are structurally
more complex than the most simple amphiphiles (e.g. mono-
functional surfactants with a single saturated hydrocarbon
chain) are hardly obtained. A possible reason for this might
be that, in the present and related cases, the time frame for
recording the Langmuir isotherms is insufficient in order
to allow nucleation/growth of two-dimensional crystalline
patches to proceed in the compressed monolayer.

CaCOj; crystallization underneath monolayers

Crystallization of calcium carbonate underneath mono-
layers of 1 leads to formation of uniformly oriented calcite

o
p=S
e
S
(B) I

Fig. 8 Optical micrographs of calcite single crystals grown under a
monolayer of 1 after 4 h. (A) = = 0.1 mN/m, CaCl,/NaHCO; (¢ =
9/18 mM). The inset shows a scanning electron micrograph of a
(012) oriented calcite single crystal grown under the same con-
ditions. (B) 1 = 6 mN/m, CaCl,/NaHCO; (¢ = 9/18 mM).
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single crystals at low surface pressure (1 = 0.1 — 0.5 mN/
m) and a molecular area of 1.70 — 1.80 nm>. At a higher
surface pressure (1 = 5 — 12 mN/m) and a molecular area
of 1.25 — 1.35nm? the calcite crystals grown underneath
the monolayer lack any preferential orientation. Due to in-
sufficient long-term stability of the monolayer at a surface
pressure exceeding 20 mN/m, crystallization experiments
under these conditions were impracticable.

Crystal growth was observed in situ by optical mi-
croscopy (Fig. 8). The orientation of calcite crystals was
determined by X-ray powder diffraction and geometrical
analysis. A more detailed description of the procedure is
given elsewhere [7].

The calcite single crystals obtained at low surface press-
ure display the typical shape of truncated rhombohedrons
(Fig. 8A and inset). The truncation occurs parallel to the
{01.2} faces of the calcite crystal lattice [4, 12]. In contrast,
the crystals which grow underneath the monolayer of 1 at
a high surface pressure often possess the highly symmetrical
shape of the calcite {10.4} cleavage rhombohedron (Fig.
8B). The nucleation density at high surface pressure is re-
duced (approximately 1/5) and the spacing between differ-
ent calcite crystals attached to the monolayer is much less
regular as compared to low surface pressure conditions.
These observations indicate that at low surface pressure
(r = 0.1 — 0.5mN/m), the monolayer directs nucleation
and growth of the calcite crystals while at higher surface
pressure (1 = 5 — 12 mN/m) crystal growth becomes in-
hibited [18].

Crystallization of (012) oriented calcite crystals has been
reported for other self-assembled systems as well. These in-
clude polymeric Langmuir-Schaefer films of 10,12-pentaco-
sadiynoic acid, [3d, 13] self-assembled monolayers of car-
boxylate-terminated alkanethiols supported on silver [4, 14]
or Au substrates, [15] as well as hydrogen-bonded molecular
ribbons consisting of N,N'-dioctadecyltriazine-2,4,6-triam-
ine and a cyanuric acid derivative [3f]. The templating role
of the monolayer has been interpreted in terms of geometri-
cal lattice matching and stereochemical complementarity
between the monolayer head groups and the (01.2) crystal
plane attached to the monolayer.

We, too, have observed preferential crystallization of
(01.2) oriented calcite crystals underneath a variety of
structurally dissimilar monolayers. While in all of our in-
vestigations we have consistently employed monolayers of
tetradentate amphiphilic macrocycles, the molecular struc-
tures of the compounds and their crystal packing arrange-
ments differed significantly. Thus, monolayers of amphi-
philic calix[4]arene derivatives which possess hydrophobic
substituents of varying steric demands [7, this study] as well
as amphiphilic resorc[4]arene derivatives (e.g. rcce-
5,11,17,23-tetracarboxy-4,6,10,12,16,18,22,24-octa-O-
methyl-2,8,14,20-tetra-(n-undecyl)resorc[4]arene, [16] which
are structurally complementary to calix[4]arene ligands,
uniformly led to the same orientation of calcite crystals.
Since furthermore, the oriented growth of calcite single
crystals underneath the monolayers always and exclusively
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occurred at very low surface pressure, where the monolayers
exist in a liquid-expanded state, an epitaxial correlation of
the monolayer “lattice” and the {01.2} crystal plane might
in fact be ruled out. Our experiments indicate that a low
surface pressure is a necessary condition for the growth of
uniformly oriented calcite crystals. Under these conditions
the amphiphilic molecules in the monolayer may freely re-
arrange in order to minimize the lattice mismatch with the
nucleating crystal face, thereby reducing the interfacial ten-
sion of the system [17]. We suggest that non-specific electro-
static effects such as the average charge density or the mean
dipole moment of the monolayer determine the orientation
of crystals [7, 18]. In fact in all of our investigations, the
growth of (01.2) oriented calcite crystals occurred at a sur-
face area corresponding to 1.70 — 1.80 nm?/molecule which
leads to an av. density of 2.22 — 2.35 carboxylate residues/
nm?. This hypothesis is further supported by our recent in-
vestigations [19] on calcium carbonate growth underneath
monolayers of rccc-4,6,10,12,16,18,22,24-octa-O-(carboxy-
methyl)-2,8,14,20-tetra-(n-undecyl)resorc[4]arene, where a
change in the number of coordinating residues per molecule
(8 instead of 4) leads to a completely different calcium car-
bonate growth characteristics (vide infra). Efforts are cur-
rently undertaken to analyze the particular growth orien-
tation of calcium carbonate crystals in this and likewise sys-
tems.

Experimental Section

Melting points were determined with a Electrothermal melting
point apparatus and were uncorrected. FT-IR spectra were re-
corded from KBr pellets on a Shimadzu FTIR-8300 spectrometer.
'H and '>C NMR spectra were recorded on a Bruker DRX 500
spectrometer in DMSO-d; at room temperature with residual sol-
vent.

Mass spectra were recorded with a Micromass VG Autospec X,
Voyager DE spectrometer. Elemental analysis were carried out with
a Perkin-Elmer 240 elemental analyzer. All reagents were reagent
grade and used without further purification.

5,11,17,23-tetra-z-butyl-25,26,27,28-tetrakis-
(carboxymethoxy)calix[4]arene (1):

The product was prepared according to a slightly modified litera-
ture procedure [20]. To a solution of 5,11,17,23-tetra-z-butyl-
25,26,27,28-tetrakis(ethoxycarbonylmethoxy) calix[4]arene
(0.495 g, 0.5 mmol) in tetrahydrofurane (30 mL) was added an
aqueous solution of tetramethylammonium hydroxide (25 %,
12.8 mL, 35.4 mmol) and the suspension was heated under reflux.
After 24 h the suspension was concentrated under reduced press-
ure, the residue was dissolved in chloroform (20 mL), rinsed with
hydrochloric acid (2 X 20 mL) and water (5 X 20 mL). The organic
layer was concentrated in vacuo and the crude product was re-crys-
tallized from acetonitrile (3 X 100 mL) to give the final product in
70 % yield: m.p. 270-272 °C (CH;3;CN);

IR (cm™): 7 = 3412, 2961, 1735, 1480, 1242, 1192, 1129, 1057, 870.

IH NMR (DMSO-d,, 500 MHz) & = 6.94 (s, 8H, ArH), 4.76 (d, 4 H
(ArCH,), 4.58 (s, 8 H, CH,COO), 3.22 (d, 4 H, ArCH,), 1.55 (s, 3 H,
CH;CN), 1.05 (s, 36 H, CH;).



BC.NMR (125MHz) & = 171.00 (CH,COO), 152.36 (ArCO), 145.27
(ArCrBu), 13345 (ArCH), 12541 (ArCCH,), 118.08 (CH,CN), 71.77
(OCH,), 33.70 (CH,Ar), 31.22 (C(CH,);), 30.85 (C(CHs),).

MALDI-MS (matrix 2,5-dihydroxybenzoic acid): m/z = 904 [M' + Na,
100 %]; Elemental analysis calc. for Cs5;Hg4O;, - CH3;CN: C 69.95, H 7.42,
N 1.54; found: C 69.93, H 7.18, N 1.54 %.

[(Ca(Cs,Hg0012))>Ca(H,0),(CH3;0H);Ca(H,0),-(CH;0H),|
12CH,0H-4H,0 (2)
5,11,17,23-tetra-z-butyl-25,26,27,28-tetrakis(carboxymethoxy)-
calix[4]arene (44 mg, 0.05 mmol) and calcium hydroxide (11 mg,
0.15 mmol) were suspended in MeOH abs. (30 mL). The suspension
was treated ultrasonically and filtered into a 6 well NUNC multid-
ish with 6 wells. Into each well H,O (200 pL) was introduced, the
wells were covered with parafilm, and the parafilm was punctured
by a needle. The multidish was placed in a sealed desiccator con-
taining a beaker filled with H,O. Single crystals of 2 grew within a
period of 24h.

[Ca(Cs;Hg0O12)Ca(H,0)2.5(MeOH), 5], 7TH,0-CH;0H (3)

5,11,17,23-tetra-t-butyl-25,26,27,28-tetrakis(carboxymethoxy)-
calix[4]arene (44 mg, 0.05 mmol) and calcium hydroxide (11 mg,
0.15 mmol) were suspended in H,O (10 mL). The suspension was
treated ultrasonically and centrifuged. The pellet was suspended in
H,O (10 mL), treated ultrasonically and was centrifuged. The wet
residue was dissolved in MeOH abs. (6 mL) and crystallized at
90 °C. Colourless crystals were obtained after 5 days.

IR (cm-Y): 73414, 2959, 1616, 1475, 1425, 1333, 1242, 1192, 1126,
1018, 943, 872, 829.

(IR spectra of 2 and 3 are virtually indistinguishable).

X-Ray Structure Analysis

Details of structure refinement and X-ray crystallographic data are
provided as supplementary information. Crystallographic data (ex-
cluding structure factors) for the structure reported in this paper
have been deposited at the Cambridge Crystallographic Data Cen-
tre as supplementary publication CCDC no. 216527 (compound 2)
and CCDC no. 216528, (compound 3), respectively. Copies of the
data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ (Fax:(+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

Monolayer Investigations

Monolayer experiments were performed with a double-barrier
NIMA trough using a compression speed of 15 cm?/min. The sur-
face pressure of the monolayers was measured using a Wilhelmy
plate. The surfactant was spread using a chloroform solution (10 pl,
0.5 mg/mL). Compression was started after 10 min.

CaCOj; Crystal Growth Experiments

Solutions of calcium bicarbonate were prepared by bubbling car-
bon dioxide gas through a stirred aqueous (Millipore water, resist-
ance 18.2 MQ-cm) solution of CaCl,/NaHCO; (¢ = 9/18 mM) for
a period of 2 h. Compressed films were formed by adding known
amounts of surfactant to generate a liquid- or solid-like film at the
air-water interface. Crystals were studied after several times either
in situ by optical microscopy (Olympus IX 70) or on cover slips
laid on the film. The cover slips were also mounted on scanning

electron microscope (SEM) specimen tubs. A Phillips XL30 ESEM
operating at 30 keV was used. The calcite crystals were sputtered
with Au prior to examination.

Bulk samples for X-ray diffraction (XRD) were obtained by col-
lecting the crystals on cover slips laid on the film and removed
horizontally. A Philips PW 1050/70 X-ray powder diffractometer
was employed (26 scans, Bragg-Brentano para-focussing geometry)
using CuK,, radiation (. = 1.54 A).

Crystallographic indices are presented in three-index (/k/) notation,
based on the hexagonal setting of the calcite unit cell (R3¢, a =
496 A, ¢ = 17.002 A).
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